For these surface and interface situations, the bulk Fr6lich Hamiltonian is still employed for treating the LO-phonon contribution.
On the other hand, evidences of confined modes peculiar to different types of layered structures nave been noticed in various experiments.
Measurements of magneto-absorption and cyclotron resonance in GaInAs/InP 13 14 superlattices and GaAs/GaAlAs heterostructures indicate that the electron-LO-phonon interaction in these structures can be fundamentally different from that in the bulk case. In a numerical study of possible modes of the optical phonon in layered polar crystals, it is found that phonon modes tend to be confined in each layer and that the penetration of vibrations into the adjacent layer is negligible. 1 5 ' 1 6 Moreover, the existence of confined phonon modes has been directly observed in a GaAs 
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where is the reduced mass of the pair of ions, uw is the short-range force constant not including Coulomb fields, E(r,t) is the local electric field, and e* is the effective charge of the ions. The subscript v labels the material considered. The oscillating ions produce a polarization field P(r,t) given by P(r,t) = n e*u(r,t) + n a E(r,t)
where n is the numbei of ion pairs per unit cell and e is the polarizability. The first term in (2) represents the contribution of the ion pair when the lattice vibrates, and the second term is the electronic polarization of the ions due to the electric field associated with the oF~ical modes. The part of the polarization produced by the electron itself as it moves through the crystal is, however, not included in our consideration, since the continuum model is not valid for such an effect.
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The local field in (2) is related, in the long-wavelength limit, to the polarization by
where 4r E 2 (r,t) = 3 P(r,t)
and F denotes the Green tensor with components L..
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The equation of motion for the polarization then follows by plugging Eqs. (2) and (3) into (1):
The time-dependent part of thI polarization can be separated by assuming P(r,t) = P(r)e i W t which, after substituting into (4), yields the equation
where we have defined the parameters
22/ with the ion plasma frequency w 41rn e* 2
Since the translational invariance in the z-directio% is destroyed by the interfaces, we introduce the two-dimensional vectors Z and p so that k -(K,q) and r -(p,z). The two-dimensional Fourier transforms can now be written as
Differentiating (7) twice with respect to the coordinates, we obtain
where
with the step tunction 8(z) -±1 for z < 0. Substituting (6) and (8) into (5a), and moving the term -P from the right-hand side to the left, we can 
where XV(w) is defined by
4x-()
it turns out that y (w) is the isotropic dielectric susceptibility and is related to the dielectric function by
where we have defined the LO and TO phonon frequencies 2 2 2 2 813a)
Since the interface phonons propagate in the xy-plane, it is more convenient to express the polarization vector as P = (;,P where ; is a two-dimensional vector defined by ir -(P ,P). Thus
where the unit vector 9 is defined by -i
.
Substituting (14) in (10), we can separate the s-component and decouple (10) into two equations:
0) 4w -c 0 X_ 1ME (W for the s --alled p-polarization, and
S
.or :he s-polarization, where M is a Hermitian matrix given bv
As we shall show in the following sections, Eq. (15a) defines an eigenvalue problem whose solutions describe the interface modes and the cnrTifined modpEquation (15b) describes the s-polarization, which is not of concern in the present paper. The eigenvectors ir(rc,z) form a complete orthonormal set.
Here we just give without proof the orthonormality 
As we shall show in the following sections, Eq. (15a) defines an eigenvalue problem whose solutions describe the interface modts and the confined modes. Equation (15b) describes the s-polarization, which is not of concern in the present paper. The eigenvectors ir(rc,z) form a complete orthonormal set.
Here we just give without proof the orthonormality
The completeness relation is given by
i V where I stands for the unit matrix. Finally, we note that the polarization vector must be real, and consequently )= P*(-,,z) (19) Similarly, we have
Interface Modes
It is easier to solve the coupled integral equations (15a) by first transforming them into differential equations. This can be done by differentiating (15a) with respect to z twice and at the same time requiring
The resulting equations are The + and -signs on the right-hand side of (23) correspond to the symmetric and antisymmetric modes of the interface phonons, respectively. The polarization amplitudes are found to satisfy the following relations:
Equations (24) (22)- (24), we find the eigenvectors for the antisymmetric interface phonon modes to be
z > a and for the symmetric modes to be
where, according to (17) , the normalization constants are given by 
which is identical to the result of a bilayer system with only one 19 interface, as it should. In the limit a -0, the system reduces to a bulk material 2 with frequencies WL2 and T2 When x -0, tanh(L) 0 and Ta coth(-) + .
We then find from (26) that
that is, the limiting frequencies are given by the bulk LO and TO frequencies of the two materials. It may be worth mentioning yet another limit at this point. When the characteristic parameters of the two dielectrics approach each other, or when c 1 C 2' we find for a given width that the amplitudes of the interface modes of vibration diminish continuously and become zero at 1 -f2'
The interface phonon modes have no connection with bulk polarization charges because V.P -0. They are accompanied by the surface charges a at the interfaces. These charge densities can easily be determined by calculating the difference of the polarization eigenvectors in the zdirection on both sides of the interface concerned. Thus we find from the z-components of x sa in (25) {!%l z=O In layer v we have
The solution to (31b) has the same form as (22) with Since E ; 0, we must have E = 0 and P = 0. Therefore (31b) has a solution that is identically zero everywhere in the laver V.
The boundary conditions in layer v can be found from (15a) for E V 0 and Xn --I. After some algebra, we find from the coupled equations that We see from (37) that the TO phonons are also strictly confined by the presence of interfaces. Once more, these eigenvectori are normalized according to (17) , and the normalization ,;onstants are given by the same expressions as (34) except for the replacement of wLL by T/V The confined TO modes are, however, not associated with any polarization charge, neither bulk nor surface charge.
The s-polarization modes are given by the solution of (15b) with
This implies that the s-polarization modes exist only when the eigenfrequencies are those of the transverse optical phonons in either medium.
Since these modes are completely decoupled from the other vibrational modes, they are nct involved in the interaction with electrons
And henc-will p,,tr )7-,scussed f,,rther.
V. Discussion
We have shown that there exist two types of phonon moces in a double heterostructure consisting of two semiconducting materials, the interface phonons and the confined bulk phonons. The interface modes may be either symmetric or antisymmetric with respect to the center of the system. They are dispersive in nature, and their frequencies for gi-.en materials depend solely upon thc dimensionless quantity xa. In the center region of the Brillouin zone, these modes have the same frequencies as those of the bulk LO and TO phonons in each material. For this reason, we shall refer to them as "LO-like" and "TO-like" interface phonons.
Since the bulk frequencies are determined by the positions of the zeroes and poles of the dielectric functions as can be seen from (12), different compositions of the double heterostructure can result in different freqi-r.=y combinations. However, only three distinct combinations As shown in Fig. 2 Work along this direction is also underway and will be discussed in forthcoming publications.
